We report the high-resolution (1.9 Å) crystal structure of oligomycin bound to the subunit c 10 ring of the yeast mitochondrial ATP synthase. Oligomycin binds to the surface of the c 10 ring making contact with two neighboring molecules at a position that explains the inhibitory effect on ATP synthesis. The carboxyl side chain of Glu59, which is essential for proton translocation, forms an H-bond with oligomycin via a bridging water molecule but is otherwise shielded from the aqueous environment. The remaining contacts between oligomycin and subunit c are primarily hydrophobic. The amino acid residues that form the oligomycin-binding site are 100% conserved between human and yeast but are widely different from those in bacterial homologs, thus explaining the differential sensitivity to oligomycin. Prior genetics studies suggest that the oligomycin-binding site overlaps with the binding site of other antibiotics, including those effective against Mycobacterium tuberculosis, and thereby frames a common "drug-binding site." We anticipate that this drug-binding site will serve as an effective target for new antibiotics developed by rational design. (1). Studies in the 1960s from the laboratory of Efraim Racker demonstrated that the mitochondrial ATP synthase can be separated into two parts, coupling factor 1, or F 1 , which contains the catalytic site for ATP synthesis, and coupling factor o, or F o , which is able to confer sensitivity to oligomycin (2-4). Despite more than 50 y of studies on mitochondrial F 1 F o ATP synthase, the binding site of oligomycin on F o has been elusive. Here we report the oligomycin-binding site on subunit-c of the F o portion of the ATP synthase.
We report the high-resolution (1.9 Å) crystal structure of oligomycin bound to the subunit c 10 ring of the yeast mitochondrial ATP synthase. Oligomycin binds to the surface of the c 10 ring making contact with two neighboring molecules at a position that explains the inhibitory effect on ATP synthesis. The carboxyl side chain of Glu59, which is essential for proton translocation, forms an H-bond with oligomycin via a bridging water molecule but is otherwise shielded from the aqueous environment. The remaining contacts between oligomycin and subunit c are primarily hydrophobic. The amino acid residues that form the oligomycin-binding site are 100% conserved between human and yeast but are widely different from those in bacterial homologs, thus explaining the differential sensitivity to oligomycin. Prior genetics studies suggest that the oligomycin-binding site overlaps with the binding site of other antibiotics, including those effective against Mycobacterium tuberculosis, and thereby frames a common "drug-binding site." We anticipate that this drug-binding site will serve as an effective target for new antibiotics developed by rational design.
F1Fo ATP synthase | proton pore O ligomycin has been recognized as a potent inhibitor of the mitochondrial ATP synthase since 1958 when it was reported by Henry Lardy et al. (1) . Studies in the 1960s from the laboratory of Efraim Racker demonstrated that the mitochondrial ATP synthase can be separated into two parts, coupling factor 1, or F 1 , which contains the catalytic site for ATP synthesis, and coupling factor o, or F o , which is able to confer sensitivity to oligomycin (2) (3) (4) . Despite more than 50 y of studies on mitochondrial F 1 F o ATP synthase, the binding site of oligomycin on F o has been elusive. Here we report the oligomycin-binding site on subunit-c of the F o portion of the ATP synthase.
Subunit-c of the ATP synthase is an integral membrane protein consisting of two helices, 1 and 2, which span the inner mitochondrial membrane (Fig. 1) . Subunit-c assembles as a homomeric ring consisting of 10 subunits in the yeast ATP synthase and eight subunits in the bovine ATP synthase (5, 6) . The c-ring forms an essential component of the proton turbine of the ATP synthase, which spins coupled to the movement of protons down a potential gradient. The essential carboxylate of Glu59 in helix 2 of the yeast subunit-c is postulated to participate directly in the movement of protons from the cytosol to the mitochondrial matrix during ATP synthesis. The side-chain carboxyl of Glu59 is nearly in the middle of helix 2, positioning it in the lipid bilayer in the protonated, "closed" conformation (7). Subunit-a is postulated to form two aqueous half-channels that allow protons to gain access to the carboxylate of Glu59 in the "open" conformation, allowing protonation and deprotonation reaction (7) .
Based on the results presented here, we propose that in the intact ATP synthase, oligomycin binds at the c-ring positioned at the proton channel and blocks proton translocation by blocking access to the essential carboxyl. Furthermore, we propose that the binding site framed out by oligomycin is a common drug-binding site for inhibitors that bind to the bacterial c-ring and likely for similar inhibitors that bind to V o (analogous to F o ) of the vacuolar ATPase. Because of the widespread use of these inhibitors and the potential for drug discovery, the oligomycin-binding site constitutes an important basis for future drug discovery.
Results and Discussion
We recently reported the high-resolution crystal structure of the yeast c 10 -ring (8) . The crystals, which formed in a solution containing 2-methyl-2,4-pentanediol (MPD), were tightly packed, containing only 47% solvent. The crystallographic space group of the crystals was P4 2 22 , with 40 c-subunits in the unit cell and five subunits per asymmetric unit. The five subunits in the asymmetric unit form half of a complete c-ring. The average B-factors for all the atoms were about 25 Å 2 including the water molecules, indicating that the atoms are tightly constrained. The essential side-chain carboxylate of Glu59 was in an open and extended conformation independent of pH, suggesting that it is the structure involved in protonation and deprotonation during the reaction cycle.
To obtain the oligomycin-bound structure, the crystals were formed at pH 6.1 and incubated in a solution containing oligomycin. To mimic the biological conditions more closely, the MPD concentration was lowered in a stepwise fashion to a final concentration of 5% (vol/vol). The crystallographic characteristics remained the same until the MPD concentration was lowered to 20% (vol/vol), at which point the space group changed to I4 1 22 with 80 c-subunits in the unit cell and 10 subunits per asymmetric unit (Table S1 ). In the absence of oligomycin, the diffraction quality diminished when the MPD concentration was lowered to 15% (vol/vol), whereas in the presence of oligomycin the diffraction quality was unchanged to the final MPD concentration of 5% (vol/vol). This result suggested that oligomycin was binding to the c-ring and aiding in the crystal integrity.
The structure was solved by molecular replacement using half a c-ring from the structure of yeast c 10 (PDB ID 3UD0) (8) . The resulting electron density map was clearly traceable and yielded an unambiguous model of the 10 c-subunits, each containing 74 or 75 amino acids without any outliers in the Ramachandran plot. The refinement did not use noncrystallographic constraints or restraints, and thus each of the 10 subunit-c structures is unique, although they are nearly identical, as evidenced by an average pairwise rmsd of 0.18 Å (Cα atoms of residues 3-73). As in prior structures of the yeast c 10 ring, the average B-factor for all of the atoms, including 150 assigned water molecules, was low (26.8 Å 2 ), suggesting that the atoms were in a rather fixed position. We could model seven molecules of oligomycin A reliably into the asymmetric unit, which has 10 c-subunits (Fig. 1) . The electron density map of the bound oligomycin ( Fig. S1 and Movie S1) was not equivalent for all seven molecules, possibly because crystal contacts and differences in the accessibility of the binding site to the solvent channels altered the occupancy. These factors also may explain why only seven molecules of oligomycin, not 10 molecules, are present in the asymmetric unit. However, this variance provided an internal control to assess the conformational changes elicited by the binding of oligomycin (Fig. S2) . Although we used a mixture of oligomycin A, B, and C, the electron density map fit the model of oligomycin A; oligomycin B and C were likely bound also, but at a much lower occupancy. Even though this structure is that of the c-ring alone, that the mode of binding is likely to be identical to that in the intact ATP synthase.
Oligomycin binds to helix 2 of two adjacent subunit-c molecules ( Fig. 1) . The hydrophobic face of the oligomycin molecule covers the hydrophobic face of subunit-c, and the hydrophilic face of oligomycin is predominantly exposed to the bulk solvent.
These atomic arrangements contribute both enthalpic and entropic energy to the binding energy. The oligomycin molecule covers Glu59 and obscures access of the side-chain carboxyl to the bulk solvent. The side-chain carboxyl of Glu59 forms an Hbond with a water molecule, which forms an H-bond with the carbonyl oxygen of Leu57 and an ester carbonyl oxygen (O36) in oligomycin. Thus, Glu59 forms an H-bond to oligomycin via a bridging water molecule. Compared with the ligand-free structures, the conformation of the side-chain carboxylate of Glu59 moves inward in the oligomycin-bound structure to accommodate the H-bond with the water (Fig. S2) . Based on the pH and the atoms involved, it is likely that the side-chain carboxyl of Glu59 is in the protonated state. We propose that oligomycin inhibits proton translocation in the F 1 F o ATP synthase by locking the essential carboxyl in a semiclosed conformation and shielding its access to the aqueous environment of the proton half-channel.
The remaining interactions between oligomycin and subunit-c occur primarily through van der Waals interactions ( Fig. 2 and Movie S2). There are numerous instances in which the interatomic distance between the atoms of subunit-c and oligomycin are 3.7-4.9 Å. Phe64 forms a number of interactions with six carbon atoms of oligomycin, including C2 and C3, which have been reported to have significant double-bonding characteristics in oligomycin A (9), and thus also may interact via π-π interactions. Two residues, Ala56 and Ala60, each interact with opposite ends of the oligomycin molecule by forming contacts with oligomycin from both c-ring molecules, in this case on chains N and O. The remaining interacting residues form contacts to oligomycin from only one of the c-subunits in the pair forming the binding site.
The backbone conformation of the c-ring does not change with oligomycin bound as shown by an average rmsd of 0.21 Å (Cα atoms). However, in addition to Glu59, the side chains of Leu63 and Phe64 form new rotamer conformations with the binding of oligomycin (Fig. S2) . The rotation of the Leu63 and Phe64 side chains opens up a crevice between helix 2 of adjacent c-subunits, allowing the propanol group linked to the pyranose ring of oligomycin A to fit neatly. The oxygen atom (O2) of the propanol group is positioned within 3.6 Å of the amide carbonyl and 3.2 Å of the side-chain carboxyl of Glu59, but except for the distance, the geometries are poor for a strong H-bond. These rather minor changes that occur with the binding of oligomycin suggest that little binding energy is lost from entropic changes because of conformational changes in subunit-c.
The conformation of oligomycin 1 bound to the c-ring is nearly identical to the structure of oligomycin A as determined by X-ray crystallography (Fig. S3) (9) . Comparative analysis indicates few conformational changes in the macrocyclic ring of oligomycin A upon binding subunit-c. The largest changes were associated with the conformation of the spiro-linked pyranose rings in which the propanol group inserts between the pair of subunit-c helices.
Overall, a single H-bond and numerous van der Waals interactions determine the enthalpy of the binding energy. Because the enthalpy of van der Waals interactions is strongly distance dependent (10), small changes in the backbone of subunit-c would be sufficient to affect the binding of oligomycin. Entropic losses caused by conformational changes are minimized by the highly constrained geometries of subunit-c, as indicated by the low B-factors, by the limited conformations the oligomycin molecule, and by minimal conformational changes in subunit-c caused by oligomycin binding. However, the hydrophobic effect (11) is likely the largest contributor to the binding energy, because the binding of oligomycin buries a calculated 345 Å 2 of the hydrophobic surface of subunit-c, which is replaced with the hydrophilic face of the oligomycin molecule (12) . Based on the mode of binding, we propose that the oligomycin binds only to subunit-c chains that are in contact with the proton half-channels formed by subunit-a. Thus, although we see seven oligomycin molecules bound to the c 10 -ring in the crystal structure, we believe that the number bound in the intact ATP synthase would be limited to the number of binding sites exposed to the proton halfchannels.
Paradoxically, Lee and Ernster (13, 14) showed that at low concentrations oligomycin increased the phosphorylation capacity of EDTA/alkali-treated nonphosphorylating submitochondrial particles, and this finding was confirmed by studies in other laboratories (15) . The most reasonable explanation for this finding is that oligomycin binds preferentially to the c-ring of the ATP synthases that are damaged and uncoupled, thereby preventing proton leak and allowing ATP synthesis by the undamaged synthase complexes. If correct, this notion suggests that the oligomycin binding site is more accessible in the damaged ATP synthase, but this suggestion is inconsistent with free access to the oligomycin binding site in the coupled ATP synthase.
Oligomycin is a potent inhibitor of the mitochondrial, but not bacterial, enzyme. The residues involved in the oligomycin-binding site are conserved from yeast to human (Fig. 3A) . In contrast, only two of the corresponding residues in the Escherichia coli subunit-c are conserved, Leu57 and Ala60 (Fig. 3B) . Furthermore, the residue in E. coli subunit-c that corresponds to Glu59 is an aspartic acid residue, and this difference would affect the H-bonding network between subunit-c, the water molecule, and oligomycin. This analysis thus provides an explanation for, and is consistent with, the specificity of oligomycin on the ATP synthase from mitochondria and bacteria.
A number of mutations in yeast have been shown to confer resistance to oligomycin and, in some cases, cross-resistance to the related antibiotics such as ossamycin and venturicidin (16) (17) (18) (19) . Unlike oligomycin and ossamycin, venturicidin is a potent inhibitor of mitochondrial and bacterial ATP synthase (20) (21) (22) . The residues identified in yeast subunit-c that, when mutated, confer resistance to oligomycin are shown in Fig. 3 C and D. Four of the residues, Leu53, Ala56, Leu57, and Phe64 interact directly with oligomycin. The mechanism of resistance caused by mutations in these residues is direct and understandable. In contrast, mutations in Gly23 and Gly25 also confer resistance to oligo- Fig. 3 . Conservation of the oligomycin-binding site. (A) The residues that are conserved from yeast to human are colored magenta. All the residues of the c-ring involved in binding oligomycin are conserved. Otherwise, this image is nearly identical to that in Fig. 2. (B) The residues colored in yellow are the only residues that are conserved from yeast to human (i.e., colored magenta in A) that are conserved in E. coli subunit-c. Thus, the oligomycin-binding site is not conserved in the bacterial subunit-c. Water (W1) is colored blue. (C and D) Residues that are critical for oligomycin binding as determined by genetic studies. The residues colored orange represent the residues identified in yeast that, when changed, confer resistance to oligomycin and a subset with cross-resistance to venturicidin and ossamycin. In D the molecules shown in C have been rotated 70°clockwise around the y axis.
mycin, but these residues are located in helix 1, which contains only one residue that forms the drug-binding site. However, Gly23 and Gly25 are adjacent to residues in helix 2 that are largely responsible for binding oligomycin. We propose that mutations in these residues alter the backbone conformation of helix 1, which in turn alters the backbone conformation of helix 2, thereby distorting the drug-binding site. Interestingly, mutations in Gly23 and Gly25 can confer resistance to multiple drugs, suggesting a general disruption of the drug-binding site (17, 18) . Last, the side-chain of Cys65 is packed between the helices, and the oligomycin-resistance mutation, Cys65Ser (19) , likely alters the interhelical packing and thus disrupts the oligomycin-binding site. The proximity of the residues that, when mutated, confer resistance to oligomycin, ossamycin, and venturicidin suggests that these antibiotics share a common binding region, although the exact molecular interactions almost certainly vary.
A seeming inconsistency is that resistance mutations also have been mapped to the gene encoding subunit-a of the ATP synthase (19, 20, 23, 24) . There are two apparent explanations. First, the oligomycin binding site may be shared between subunitsa and -c. We do not favor this explanation, because oligomycin binds neatly to the face of subunit-c and does not seem to require additional interactions to form a stable complex. However, oligomycin derivatives that are considerably larger molecules, such as ossamycin, may bind to subunit-c and, by default, also interact with residues in subunit-a. The second explanation is that substitutions in subunit-a that confer resistance to oligomycin act by blocking access to the binding site. The occurrence of mutations in subunit-a that confer resistance to oligomycin thus provides supporting evidence that the oligomycin-binding site in the intact ATP synthase is at the face of the c-ring that is positioned at the proton access channel formed by subunit-a and that oligomycin does not bind at the c subunit facing the lipid bilayer.
Recently, the drug R207910 (TMC207) has been identified that is effective against Mycobacterium tuberculosis (25, 26) . Strains resistant against R207910 were isolated, and three independent mutations in the gene encoding subunit-c, Asp26Val, Ala61Pro, Ile64Met (yeast numbering system), were identified as being responsible for conferring resistance to the drug (25, 27 ). In the model of the yeast subunit-c, Asp26 is in helix 1 and would be directly adjacent to yeast Gly25, which, when mutated, confers resistance to oligomycin and cross-resistance to related drugs (17, 18) . Ala61 is adjacent to yeast Ala60, which is one of the two residues that interacts with oligomycin in both subunit-c molecules forming the binding site. The Ala61Pro mutation would be expected to cause a kink in the α-helix and to disrupt the drug-binding site. Last, Ile64 corresponds to Phe64 in yeast, which forms critical contacts with oligomycin. Although the structure of R207910 is quite distinct from that of oligomycin, ossamycin, and venturicidin, it shares some of their chemical properties. Thus, we propose that the binding site framed by oligomycin is a common drug-binding site for both bacterial and mitochondrial subunit-c. If this proposal is correct, then crystal structure analysis of the c-ring from pathogenic bacteria will provide a scaffold on which to build novel antibiotics by rational design. Finally, the V-type ATPases are similar in structure and are related in function to the F-type ATP synthases. Inhibitors that bind to V o , such as bafilomycin and concanamycin, may bind to the corresponding region in the corresponding subunit of the vacuolar ATPase (28) and thus provide another potential drug target.
Materials and Methods
The yeast ATP synthase was purified, and the c-ring was crystallized as described (8) , except that the crystallization buffer contained 50 mM Na citrate (pH 5.5) and 100 mM Na malonate (pH 7.0). The crystals were soaked in solution containing 0.5 mg/mL oligomycin (catalog no. 04876; Sigma), which is a mixture of oligomycin A, B, and C (60% oligomycin A). Crystal soaking to reduce the concentration of MPD to 5% was performed in a stepwise fashion, essentially as described previously (8), except that the buffer contained 50 mM Na citrate (pH 5.5), 0.4 M NaCl, 2 mM MgCl 2 , and 8% (vol/vol) propylene glycol and 1,2-dimyristoyl-sn-glycero-3-phosphocholine:1,2-dihexanoyl-snglycero-3-phosphocholine (3:1 molar ratio) lipid bicelles at 1% (wt/vol). On day 1, the crystal was soaked in buffer solutions containing 68% (vol/vol) MPD, 58% MPD, 48% MPD, and 38% MPD (0.1 mL); each soaking lasted 1-1.5 h at 21°C. The final soaking was overnight at 21°C in 28% MPD containing 0.5 mg/mL oligomycin. On day 2, the MPD concentration was reduced sequentially to 20%, 15%, 10%, and 5% with oligomycin (0.5 mg/mL). Glycerol was added as a cryoprotectant, so that the sum of the concentration of MPD (vol/vol) and glycerol (wt/vol) was equal to 30%. The crystals were soaked in each MPD concentration for 1-1.5 h. At the end of the final soaking period, the crystals were frozen in liquid nitrogen.
Diffraction data were collected at Advanced Photon Source (21ID-G, LS-CAT) at 100 K using a wavelength of 0.97856 Å. The data were processed using HKL2000 (29) and the CCP4 suite (30) . Molecular replacement solution was obtained by Molrep (31) with the search model consisting of chains K, L, M, N, and O from the structure 3UD0 (8) . The solution represented 10 chains (two half c-rings; see Fig. 1 ) in the asymmetric unit. Rigid body refinement was performed in Refmac (32) , and the corresponding electron density maps revealed seven oligomycin molecules bound in a similar fashion to two neighboring c-subunits near Glu59. Coot (33) was used to display electron density maps, to make small adjustments in the model, and to add water molecules. The initial coordinates for oligomycin A were obtained from Cambridge Structural Database (CCDC 636099) (34) , and the parameter file/ library for oligomycin was generated by PRODRG (35) . Final refinement procedures were performed in Refmac using restrained and TLS (Translation Libration Screw-motion) refinement. The model was validated by Procheck (36) .
Accession Codes. Atomic coordinates and structure factors have been deposited in the Protein Data Bank, under PDB ID code 4F4S.
